Over the last two decades, chemotherapy has been introduced in protocols for patients with intracranial germinoma with the objective of reducing the volume and the dose of irradiation without compromising survival rates. The aim of this work is to critically analyze the pattern of relapse in a cohort of patients with nonmetastatic germinoma prospectively treated with chemotherapy followed by focal field radiation. Data of all germinoma patients registered in the French protocol for intracranial germ cell tumors between 1990 and 1999 were reviewed. The pattern of relapse, management, and outcome were analyzed in 10 of 60 patients who developed a recurrence after initial treatment. In 9 patients, the site of recurrence was local or locoregional, notably in the periventricular area for 8. One patient only had isolated distant leptomeningeal relapse. The review of the sites of relapse suggests that most recurrences could have been avoided with a larger ventricular field of radiation. Treatment at first relapse included chemotherapy (10 patients), high-dose chemotherapy and stem cell transplant (8 patients), and/or radiation therapy (4 patients). Five patients experienced a second relapse. At a median follow-up of 72 months since the first relapse, 8 patients are alive in second or third remission. This review identified an excess of periventricular relapses when the focal field of radiation is used in the combined management of germinoma. These relapses are predominantly marginal or outside radiation fields. Ventricular field radiation appears a logical alternative to decrease the incidence of such relapses. Future trials should aim at better identifying patients who may benefit from local and ventricular radiation, respectively.
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Keywords: germinoma, high-dose chemotherapy, relapse, ventricular radiation. G erm cell tumors of the central nervous system (CNS) are a heterogeneous group of tumors that constitutes approximately 3% of primary pediatric CNS tumors in Europe and the United States but a far higher percentage in the Far East. Germinomas account for 70% of these tumors. Germinomas commonly develop within the suprasellar or pineal regions but may also be found in the basal ganglia, spinal cord, or nonmidline structures, with 15% -25% of germinomas arising simultaneously in the pineal and the suprasellar sites. If we consider these bifocal lesions as loco-regional rather than disseminated disease, most intracranial germinomas are nonmetastatic at the time of presentation. Until approximately the late 1980s, the standard management of germinoma was based on craniospinal irradiation (CSI) to a dose of 25 -35 Gy with a 10 -25-Gy boost to the primary tumor. Using this approach, the 5-year survival rates in retrospective and prospective series were above 80% demonstrating the radiosensitivity and high cure rate of intracranial germinoma with radiation therapy (RT) only. 1 -3 In an attempt to reduce the potential morbidity of CSI, cooperative groups have investigated the feasibility of combined modality treatment, using sequential chemotherapy followed by focal radiation for nonmetastatic germinoma and CSI with a boost to the tumor bed and metastatic sites for patients with disseminated germinoma. It was speculated that the high chemosensitivity of germinoma might allow RT to be given more selectively without increasing the risk of relapse; one of the theoretical advantages for giving pre-RT chemotherapy was the opportunity to reduce radiation doses and volumes. Excellent 5-year event-free survival rates above 80% have been obtained in these pilot studies. 4 -6 However, still approximately 15% of patients with germinomas experience local recurrence and/or leptomeningeal dissemination. In the absence of prospective randomized studies, comparisons between CSI and focal radiation for patients with nonmetastatic germinoma are speculative and may be influenced greatly by variations in patients' characteristics. Retrospective reviews have suggested that focal radiation alone was associated with an increased risk of spinal relapses. 7, 8 More recently, it has been suggested that focal radiation may increase the risk of marginal failures. 9 -11 In an attempt to evaluate the relationship between radiation volume reduction and the risk of relapse in nonmetastatic germinoma patients, the Germ Cell Tumor Committee of the SFOP (Société Française d'Oncologie Pédiatrique) centrally reviewed all relapses from the prospective protocol SFOP TGM-TC-90.
Materials and Methods
The TGM-TC-90 Protocol Pathological diagnosis of germinoma was required before initiation of the protocol. However, for patients with moderate human chorionic gonadotropin (HCG) secretion, histological confirmation of germinoma was recommended but not compulsory. Initial stage procedure included clinical examination, assessment of tumor markers in the serum and/or the cerebrospinal fluid (CSF) review of the operative notes, postoperative cranial computed tomography or magnetic resonance imaging (MRI) scan, MRI scan of the spine, and cytological examination of lumbar CSF when this was considered safe.
Details of the TGM-90 protocols have been described previously. 6, 12 Briefly, after diagnosis, 4 courses of chemotherapy were given at a 3-week interval: courses 1 and 3 included carboplatin (600 mg/m 2 ) on day 1 and etoposide (150 mg/m 2 per day) from day 1 to 3; courses 2 and 4: ifosfamide (1.8 g/m 2 per day) from day 1 to 5 and etoposide (150 mg/m 2 per day) from day 1 to 3. Response was assessed after 2 and 4 courses. Three to 4 weeks after completion of these 4 courses of chemotherapy, RT was initiated. RT was administered at a daily dose of 1.6 -1.8 Gy with 5 weekly fractions up to a recommended dose of 40 Gy delivered over 4.5 -5 weeks for patients with localized disease. The recommended safety margins were 2 cm around the initial tumor volume, regardless of tumor shrinkage during chemotherapy. RT guidelines recommended the use of a high-energy linear accelerator of 4-9 MeV with at least 2 parallel opposed fields (conventional planning). Patients with metastatic disease were treated with craniospinal radiation at a dose of 24 Gy and a local tumor boost of 16 Gy. All patients were followed clinically during and after treatment, and MRI scan of the head was recommended every 4 months during the first 2 years following the completion of therapy unless additional examinations were indicated clinically. Imaging studies were then performed at 6 monthly intervals for 5 years. In addition, serum tumor markers were regularly checked. Progression was defined as any new lesion detected in any of the examinations with or without an elevation of tumor markers. A complete restaging (CSF examination, MRI of the brain and the spine, tumor markers) was performed for relapsing patients.
Patient Data and Evaluation of Recurrences
The records of all assessable patients with nonmetastatic intracranial germinoma treated in the French TGM-90 study between August 1990 and March 1999 who experienced treatment failure were reviewed. Information obtained from their records included the following: date of birth, sex, date of diagnosis, initial therapeutic intervention, pattern of relapse, management of relapse, and outcome. The following data were obtained at presentation and at relapse: diagnostic imaging studies (brain and spine), CSF analysis, serum and CSF tumor markers (bHCG and a-fetoprotein), pathology when available, and details of surgical, chemotherapeutic, and radiotherapeutic interventions.
All MRI scans and radiation treatment parameters of these patients were reviewed centrally by a pediatric radiologist (H.B.), a radiation oncologist (C.A.), a physicist (G.G.), and a neuro-oncologist (E.B.). fields were reviewed, and the site(s) of relapse was analyzed with respect to its location in relation to the edge of the radiation field. Depending on the location, relapses were defined as in-field (in the target volume), at margins (,1.5 cm from the target volume or within the 50% -90% isodose curves), out-field proximal (still on beam trajectory, with radiation dose below the 50% isodose curves), or at a distance of radiation exposure.
Results
Between January 1990 and October 1999, 80 patients with a presumed or confirmed diagnosis of germinoma were registered in this prospective study of the SFOP. Fourteen patients had metastatic disease and 66 had nonmetastatic germinoma. Six patients received elective craniospinal radiation based on the physican's decision or at the patient/parents' request and 60 received limited field radiation according to the protocol recommendations. Within this latter group, 24 patients had a suprasellar tumor, 30 had a pineal lesion, and 6 had a bifocal germinoma with both a suprasellar and a pineal component. Eight of 51 patients who had blood markers carried out had a slight (,50 mIU/ml) bHCG secretion in the serum, and 14 of 45 had positive bHCG or free bHCG in the CSF (6 had combined positive serum and CSF markers). Fifty-one patients underwent a biopsy, whereas 9 patients including 6 with positive bHCG were treated without histological confirmation. All 60 patients received 4 courses of chemotherapy followed by protocolar focal irradiation. Patients with bifocal tumors were treated with a large field encompassing both suprasellar and pineal primary tumor sites.
Relapses
Data were censored in March 2008 or at the date of last recorded follow-up visit. The median follow-up for the whole cohort was 10 years, and 40 patients had a follow-up ≥8 years. The 5-year event-free and overall survival were 84.2% (CI: 72.5% -91.4%) and 98.2% (CI: 90.7% -99.7%), respectively. The 10-year eventfree and overall survival were 81.8% (CI: 69.5% -89.9%) and 96% (CI: 86.3% -98.9%), respectively ( Fig. 1) . One patient with a pre-existing chronic condition died of unrelated causes. Ten of 60 patients relapsed. Characteristics of relapsing and nonrelapsing patients were not different with regard to sex distribution, age, tumor location, CSF diversion, tumor size, and presence of HCG secretion in the blood or in the CSF (Table 1) . The median time to relapse was 32 months (10 -121 months) with 3 patients developing late relapses at 57, 59, and 121 months, respectively. Relapses occurred predominantly in the periventricular subependymal area (lateral ventricles, third and fourth ventricle) in 8 of 10 patients (Table 2, Fig. 2 ). They were associated with evidence of relapse at the primary site in 2 patients and with infratentorial leptomeningeal dissemination in 1 patient (Figs 3 and 4) . One patient with suprasellar primary (patient 1) had an isolated meningeal relapse at the margin of the radiation field located in the posterior part of the meningeal sheath of the right optic nerve (Fig. 5 ). This relapse was the latest, occurring 121 months from the time of diagnosis. One patient had a unifocal relapse located at the posterior face of the medulla oblongata (Fig. 6) . One patient presented with distant isolated leptomeningeal relapse at the cervical and thoracic levels. For these 2 patients, the original MRI scans of the spine were reviewed to rule out metastatic seeding that could have been missed at diagnosis.
The review of the radiation fields did not identify any geographical miss. However, 3 patients had inadequate margins: in 2 patients (patients 3 and 8) treated with a conventional radiotherapy approach, the margin around the initial tumor volume was ,1 cm at the anterior limit of lateral fields (3 and 5 mm, respectively), and for a third patient (patient 6), margins were intentionally reduced to 7 mm in the context of arc therapy. All 3 patients had an excellent response to preradiation chemotherapy. Overall, these 3 patients with inadequate margins all failed within the ventricular system and 2 (patients 6 and 8) failed at the primary site.
Salvage Treatment
First relapse.-After failing primary treatment, all patients received platinum-based chemotherapy (Table 2) . Six patients were treated with a cisplatin -etoposide -ifosfamide (ICE) combination, 2 with a cisplatin-etoposide regimen, and 2 with a combination of etoposide and carboplatin. All responded to this salvage treatment, including 6 who achieved a complete response on imaging. Eight patients subsequently received high-dose chemotherapy with autologous stem cell rescue. For 7 patients, the conditioning regimen was a combination of etoposide and thiotepa, and 1 patient received 2 sequential courses of high-dose ICE followed by autologous stem cell transplant. Four patients then received adjuvant radiation treatment: focal irradiation in 1 patient and CSI in 3, including 2 who received an additional boost. Five patients are in continuous remission following salvage treatment (54 -177 months after relapse): 2 patients were treated with chemotherapy followed by high-dose chemotherapy and stem cell transplant; 1 patient received conventional chemotherapy followed by CSI; and 2 patients were treated with conventional followed by high-dose chemotherapy and stem cell transplant and focal irradiation (1 patient) or CSI (1 patient). Out of the 6 patients who did not receive adjuvant radiation, only 2 did not experience further progression.
Second relapse.-Five patients experienced a second relapse at a median interval of 22.5 months after the first relapse (range: 9.5 -35 months). Four of these 5 patients did not receive RT as part of their first salvage treatment. All received additional chemotherapy and 3 received craniospinal radiation with a boost. The patient who received craniospinal radiation as part of his first salvage treatment for a spinal relapse eventually developed new lesions and died of tumor progression.
One patient who achieved a partial response on chemotherapy refused radiation treatment, progressed early after discontinuation of chemotherapy, and died of disease progression. Overall, at a median interval of 72 months since the first relapse, 8 patients are alive in second (5 patients) or third remission (3 patients). All but one surviving patient had received high-dose chemotherapy as part of their salvage treatment and 6 surviving patients were reirradiated (at the time of first relapse in 3 and second relapse in 3).
Discussion
This long follow-up review of relapses in a prospective group of nonmetastatic intracranial germinoma patients homogeneously treated with chemotherapy followed by focal radiation showed that the majority of failures occur in the periventricular area. Indeed, in this experience, only 2 relapses occurred outside the ventricular system. Neither the original site of disease nor the size of the primary tumor appears to predict the risk of ventricular failure. The majority of ventricular relapses were located at the margins or outside the focal radiation field applied in this trial. Consequently, this pattern of relapse raises the question of the appropriate volume of radiation in patients with nonmetastatic germinoma.
A careful review of radiation fields in the present series identified reduced anterior margins (,1 cm) in 3 patients, whereas the recommended margins of 2 cm around the initial tumor volume were respected for all margins in 4 patients only. The significant shrinkage observed following preradiation chemotherapy may account for these protocol violations. However, as our review was limited to patients who presented treatment failure, the significance of these treatment violations is unknown.
From this experience, and in agreement with more recent observations of Japanese groups 11, 10 and the preliminary reports of the SIOP-96 trial, 10 ,13 there appears to be a direct link between the volume of radiation and the pattern of relapse in patients with nonmetastatic germinoma treated with chemotherapy followed by focal radiation. In contrast, the dose of radiation does not seem to have the same impact on the risk of recurrence. 14 In a meta-analysis of RT for patients with CNS germinoma, Rogers et al. 9 found that the recurrence rate after focal radiation (with or without chemotherapy) was 23% compared with 8% when whole-brain or whole-ventricular irradiation was used. In an early report of the Japanese germ cell tumor group using chemotherapy followed by focal radiation, the incidence of treatment failure was significantly associated with the size of the radiation fields: most relapses developed outside the radiation volume and were associated with ,1 cm margins. 10 Our results are in agreement with these observations and suggest that a subset of patients with so-called localized germinoma might have in fact infraclinical subependymal disease that is not detected by conventional imaging techniques and that is not controlled by chemotherapy. The significance of this observation should be linked to neurosurgeons' reports of endoscopically visible plaques of disseminated disease on the ventricles at the time of third ventriculostomy, which remained undetectable in MRI scanning. 15 -17 These findings illustrate the limitations of current MRI and CSF staging methods in the detection of regional periventricular disease in germinoma patients and identify the ventricular system as the area at risk of dissemination. Although the incidence of failure reported here (16%) and in the literature (23%) is limited to a subset of patients when focal radiation fields are used, our data suggest that most relapses might be avoided with a larger field of radiation. As long as we do not have tools to safely detect subependymal disease, this underscores the need for encompassing the ventricles rather than defining the volume of radiation according to the primary tumor site with an additional margin. In view of these results, the SIOP group has already recommended the use of ventricular radiation for patients with nonmetastatic germinomas. 18 The definition of the ventricular volume should take into account the risk of subependymal recurrence in the lower part of the fourth ventricle as illustrated in our experience with patient 3; this suggests that consideration should be made to include the caudal edge of the fourth ventricle in the ventricular volume. This series did not include any patient with basal ganglia germinoma. Whole brain or craniospinal radiation have been traditionally used in this context. 19, 20 Although the decision to consider ventricular radiation for all patients may reduce the incidence of relapses, one should keep in mind that 80%-85% of patients with localized germinoma are successfully treated with the limited radiation field approach. The use of ventricular fields is therefore an alternative "by default" and the consequence of our inability to detect patients at a risk of periventricular failure. Current European and Japanese groups have adopted this approach, and the outcome of ongoing studies will determine whether these larger volumes will result in improved event-free survival. However, the use of larger volumes should be balanced against the shortand long-term toxicity of this strategy, and ideally efforts should be made to identify these patients (overall 15%-20%) who would benefit from these larger radiation volumes. Anecdotal observations of ventricular dissemination during endoscopy and the detection of tumor dissemination with 5-Aminolevulinic acid induced fluorescence suggest that identification of these patients at risk may be possible. 15 -17,21 The follow-up in this series is long, ranging from 1 to 16 years, with a median of 10 years. This long follow-up contributes to shed new lights on the pattern of relapse in germinoma, and particularly to point out the risk of late relapses, so far anecdotally reported in the literature. 22, 23 Three patients in this series experienced relapses .4 years after diagnosis, and the latest relapse occurred at 10 years, with a median time to relapse of 32 months. This suggests that early reports of prospective or pilot germinoma studies should be considered with caution when the follow-up is short, as late relapses in germinoma are not exceptional.
The salvage rate in this series is high, with 8 of 10 patients who are in second (5 patients) or third (3 patients) remission at the last follow-up. Two patients died despite salvage chemotherapy and craniospinal radiation in 1 patient and high-dose chemotherapy without radiation in the second patient whose family declined radiation. Such a high survival rate among patients who have suffered primary or secondary treatment failure is unique in the context of recurrent malignant brain tumors. The respective role of high-dose chemotherapy and radiation in the management of recurrent germinoma patients is still unclear, and the optimal treatment for these patients is undefined. Radiation is obviously the logical option for patients who fail initial treatment with chemotherapy only. Merchant et al. 24 reported the outcome of 8 patients initially treated with chemotherapy only who were successfully retrieved with one course of high-dose cyclophosphamide followed by full neuraxis RT. All 8 patients were alive in complete second remission at the median follow-up after RT of 32 months. There is limited information on the management of patients who relapsed following combined modality therapy. Our experience shows that these patients can be reinduced with the same chemotherapy, in particular with platinumcontaining regimens. Eight patients in this series received high-dose chemotherapy with autologous stem cell transplant. The largest experience of high-dose chemotherapy with autologous bone marrow or stem cell rescue was reported by Modak et al., 25 with 9 recurrent germinoma patients treated with thiotepa-based regimens, including 7 who were long-term survivors. However, only 1 patient in this experience did not receive radiation before or after high-dose chemotherapy. Similarly, in our experience, 6 of 8 long-term survivors did receive radiation as part of their retrieval, and 4 of 6 patients who were treated with high-dose chemotherapy without additional radiation experienced a second relapse. Both experiences suggest that RT is an important component of the management of recurrent germinoma. The role of high-dose chemotherapy is still unclear, and excellent outcomes have also been reported in patients with recurrent germinoma treated with conventional chemotherapy and wide-field low-dose radiation. 
Conclusion
This SFOP experience points out the risk of periventricular, marginal, and out radiation field relapse when a combined approach with focal RT is used in the treatment of nonmetastatic germinoma. Future trials should carefully assess the potential benefit of ventricular radiation in reducing the incidence of such occurrences. Ultimately, efforts should be made to better identify the risk of ventricular spread of pineal and/or suprasellar germinoma patients in order to tailor radiation fields and volumes accordingly.
